Olaratumab (IMC-3G3) is a fully human IgG1 monoclonal antibody that selectively binds the external domain of human platelet-derived growth factor receptor-a with high affinity and blocks ligand binding. This was a single-center, dose-escalation, phase I trial of olaratumab in Japanese patients with advanced ⁄ refractory solid malignancies. Three to six patients were enrolled into each of three cohorts: Patients received i.v. olaratumab: 10 mg ⁄ kg on days 1 and 8 every 3 weeks (cohort 1); 20 mg ⁄ kg every 2 weeks (cohort 2); and 15 mg ⁄ kg on days 1 and 8 every 3 weeks (cohort 3). Doses were escalated from cohort 1 through cohort 3. The primary objective was to establish the safety and pharmacokinetic profile of olaratumab. Sixteen patients were treated across three cohorts. There were no dose-limiting toxicities, so the maximum tolerated dose was not reached. The most common olaratumab-related treatment-emergent adverse events (TEAEs) were proteinuria (25.0%) and elevated aspartate transaminase (12.5%). One patient (cohort 2) had two olaratumab-related Grade 3 TEAEs (increased aspartate aminotransferase and tumor hemorrhage); otherwise, olaratumab-related TEAEs were Grade 1 ⁄ 2. Seven patients (43.8%) had a best response of stable disease. Based on the pharmacokinetic concentration profile of olaratumab, the trough concentrations following single and multiple doses at 15 mg ⁄ kg on days 1 and 8 every 3 weeks (cohort 3) and multiple doses at 20 mg ⁄ kg every 2 weeks (cohort 2) were above the 155 lg ⁄ mL target. Thus, these two doses could represent an acceptable schedule for future trials in Japanese patients. Olaratumab had an acceptable safety profile and was well tolerated.
T he platelet-derived growth factor receptor family (PDGFR) consists of PDGFRa and PDGFRb.
(1) These receptors and their ligands are involved in normal organ development and function, wound-healing, and the pathogenesis of malignant and non-malignant diseases.
(1) The PDGFRa ⁄ platelet-derived growth factor (PDGF) axis is required for vascular endothelial growth factor production by tumor stroma and the regulation of tumoral angiogenesis. (2) Platelet-derived growth factor receptor-a is expressed in several types of cancer on transformed cells and in tumor stroma. (3) (4) (5) (6) PDGFRa expression is associated with disease progression, diminished patient survival, and metastases to lymph nodes and bone. (7) (8) (9) (10) Due to the effects of the PDGFRa ⁄ PDGF axis on tumor growth and tumor-associated vasculature, there is interest in developing therapeutic inhibitors of this pathway. (11, 12) Most of these inhibitors are small molecule tyrosine kinase inhibitors (TKIs) that typically inhibit multiple kinases. (11, 12) Olaratumab (IMC-3G3) is a fully human IgG1 monoclonal antibody that selectively binds human PDGFRa with high affinity (approximately 40 pM) and blocks ligand-binding. (13) This antibody inhibits the proliferation and growth of a variety of human tumor cell lines both in vitro and in vivo. (5, 6, 13) Based on its activity in preclinical models involving human cells, (5, 6, 13) olaratumab entered clinical development. One phase I trial in patients with advanced tumors is complete (CP15-0601; I5B-IE-JGDC) (14) and several phase II trials are ongoing. Here, we report the results of a phase I trial of olaratumab in a cohort of Japanese patients (CP15-0907; I5B-IE-JGDF) with advanced solid tumors.
Materials and Methods
Patients. Patients (≥20 years old) with advanced primary or recurrent solid tumors not responding to standard therapy, or for whom no standard therapy was available, were eligible. Other enrollment criteria included Eastern Cooperative Oncology Group Performance Status of 0-1; estimated life expectancy >3 months; and adequate hematologic, hepatic, renal, and coagulation function.
Patients with known brain metastases were excluded due to risk of bleeding. Other exclusion criteria included chemotherapy or radiotherapy within 28 days (6 weeks for nitrosoureas or mitomycin C) prior to entering the study or presence of ongoing side effects ≥Grade 2 due to agents administered >28 days prior to study entry; uncontrolled intercurrent illness; participation in clinical trials of unapproved agents within 4 weeks of study entry for small molecules or within 8 weeks for monoclonal antibodies; and hepatitis B virus antigen, hepatitis C virus antibody, or human immunodeficiency virus antibody positivity.
This study was conducted in accordance with the Good Clinical Practices, Japanese Good Clinical Practices, the Declaration of Helsinki, and approval by the medical institution's Ethical Review Board. Patients provided written informed consent prior to inclusion. The ClinicalTrials.gov identifier is NCT01199822.
Study design. This was a single-center, open-label, dose-escalation, phase I trial. The primary objective was to establish the safety and pharmacokinetic (PK) profile of olaratumab administered on day 1 every 2 weeks (q2w) or on days 1 and 8 every 3 weeks (q3w) in this patient population. Exploratory analyses included preliminary assessment of antitumor activity and assessment of the pharmacodynamic effect of olaratumab.
Patients received i.v. olaratumab (infusion rate not exceeding 25 mg ⁄ min) q2w or on days 1 and 8 q3w. One cycle was defined as 6 weeks. Tumor response was evaluated radiographically every 6 weeks, starting from the first drug administration and independently from the treatment cycle. After cycle 1, patients experiencing a complete response (CR), partial response (PR), or stable disease (SD) received olaratumab at their cohort dose and schedule until there was evidence of progressive disease (PD) or until other withdrawal criteria were met.
Treatment cohorts. Olaratumab dosing was based on baseline body weight; the dose was recalculated if there was a ≥10% weight change from baseline. A minimum of three patients were enrolled in each cohort. The cohort 1 dose was 10 mg ⁄ kg administered on days 1 and 8 q3w. Dose escalation from cohort 1 to cohort 2 (20 mg ⁄ kg q2w) occurred after all cohort 1 patients completed the first cycle of therapy or discontinued due to a dose-limiting toxicity (DLT). Enrollment into cohort 3 (15 mg ⁄ kg q3w) occurred after all cohort 2 patients completed the first cycle of therapy or discontinued due to a DLT. Intrapatient dose escalations were not permitted. Patients who did not complete the first 6 weeks (one cycle) of treatment for reasons other than a DLT were replaced.
If one DLT was observed in any cohort during cycle 1, 3 additional patients were enrolled into that cohort. If no additional DLTs were observed, dose escalation continued. If a patient did not recover from the DLT to ≤ Grade 1 within 2 weeks, the patient was discontinued from the study.
A DLT was defined as one of the following conditions: if considered by the investigator to be definitely, probably, or possibly related to olaratumab; grade 4 neutropenia lasting >7 days; grade ≥3 thrombocytopenia with bleeding or requiring platelet transfusions; grade ≥3 neutropenia associated with fever; grade 3 or 4 non-hematologic toxicity; grade ≥3 skin toxicity (despite pre-emptive and supportive care); and ⁄ or grade ≥3 diarrhea, nausea, or vomiting (despite pre-emptive and supportive care).
Dose adjustments. Dose reductions were not permitted. Dose delays were permitted after cycle 1 for patients with non-lifethreatening, reversible grade 3-4 adverse events (AEs) that resolved to grade ≤1 within 2 weeks. For these AEs, treatment could resume within 2 weeks and could continue until PD or other withdrawal criteria were met.
Determination of maximum tolerated dose. This trial used a conventional 3 + 3 design. If ≥2 patients in cohort 1 experienced a DLT, the study was to be discontinued. If ≥2 patients in cohort 2 or 3 experienced a DLT, then the cohort 1 dose was to be the maximum tolerated dose (MTD). If no MTD was determined, both cohorts 2 and 3 were to be expanded to six patients, with the goal of obtaining enough data for a PK analysis.
Pharmacokinetic assessments. Serum olaratumab was quantitated by using a validated ELISA. For the 10 mg ⁄ kg (cohort 1) and 15 mg ⁄ kg (cohort 3) (dosed on day 1 and day 8 every 3 weeks) q3w groups, PK samples were collected up to 168 h post end of day 1 infusion and 336 h post end of day 8 infusion. For the 20 mg ⁄ kg q2w group (cohort 2), PK samples were collected up to 336 h post end of infusion following the first (cycle 1, day 1) and fifth (cycle 2, day 1) infusions. Beginning cycle 3, samples were collected prior to and 1 h after completion of the first infusion in every subsequent cycle. The PK parameters were calculated from individual serum concentrations versus time profiles by noncompartmental analysis method by using WINNONLIN (Version 5.3; Certara, St. Louis, MO, USA).
Pharmacodynamic assessments. Human PDGF-AA and PDGF-BB in sodium heparin plasma collected at pre-specified time points was quantitatively determined by using an ELISA at Intertek Laboratories (Houston, TX, USA).
For cohorts 1 and 3, PD markers were analyzed using plasma samples (from approximately 7 mL of blood) obtained prior to the first infusion; immediately after the first infusion; and 1, 4, 8, 24, and 168 h following the completion of the first infusion, prior to and 1 h following the completion of the fifth infusion and ninth infusion, and prior to and 1 h following the completion of the infusion every 6 weeks thereafter. A blood sample for PD assessment was also taken at the end of study visit.
For cohort 2, PD markers were analyzed using plasma samples obtained prior to the first infusion; immediately after the end of the first infusion; 1, 4, 8, 24, 168, and 336 h following the completion of the first infusion; prior to and 1 h following the completion of the fourth infusion and seventh infusion; and prior to and 1 h following the completion of the infusion every 6 weeks thereafter. A blood sample for PD assessment was also taken at the end of study visit.
Safety assessments. Adverse events were coded by the Medical Dictionary for Regulatory Activities and graded according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events, Version 4.02. (15) Disease assessment. Baseline tumor burden was assessed within 28 days prior to study registration. Patients were evaluated for response according to the Response Evaluation Criteria in Solid Tumors (v 1.0) after every cycle. (16) Confirmatory scans were obtained ≥4 weeks following initial documentation objective response.
Data and statistical analysis. The anticipated sample size was 18 patients. This sample size was based on cohort size. Data were analyzed using SAS â software (Cary, NC, USA), version 9.2. Analysis populations. The safety population included all enrolled patients who received any olaratumab, regardless of study eligibility, and was based on the actual initial therapy that a patient received, regardless of any other cohort to which the patient was assigned. The safety population was used for the analysis of baseline characteristics, safety data, and efficacy data. The MTD population included all enrolled patients who completed cycle 1 or discontinued during cycle 1 due to a DLT.
Results
Patient characteristics and treatment. Sixteen patients at one Japanese center received olaratumab. One additional patient signed an informed consent form and was enrolled in the study, but was considered a screen failure and was not treated due to pneumonia at the time of study entry. Across all cohorts, the median age was 60.7 years (range 35.6-71.4). The majority of patients were male (62.5%) and had colorectal or gastric type cancers (81.3%); all patients were Asian (Japanese). Table 1 shows the baseline demographics and disease characteristics.
Dose. The median duration of treatment was 13.1 (range 7.0-13.6), 6.0 (range 3.0-13.4), and 7.0 (range 7.0-25.1) weeks in cohort 1 (n = 3), cohort 2 (n = 7), and cohort 3 (n = 6), respectively. The median number of infusions was 8.0 (range 4.0-8.0), 3.0 (range 2.0-6.0), and 4.0 (range 4.0-16.0) in cohort 1, cohort 2, and cohort 3, respectively. The median relative dose intensity was >85% in all three cohorts.
Safety. There were no DLTs in this trial; therefore, the MTD was not reached, consistent with the previous phase I trial. (14) One patient experienced an AE that met DLT definitions (grade 3 olaratumab-related tumor hemorrhage), but this event occurred outside the DLT assessment period (patient discontinued treatment prior to the completion of cycle 1 because, in the investigator's opinion, continued treatment was inappropriate); thus, the event was not considered a DLT.
There were four dose delays; two occurring in cohort 2 and 1 each occurring in cohorts 1 and 3. Two dose delays were caused by AEs in cohort 2 (grade 1 olaratumab-related proteinuria) and Table 2 shows TEAEs that were assessed as olaratumabrelated occurring through all cycles. The most common olaratumab-related TEAEs were proteinuria (4 [25.0%]) and elevated aspartate aminotransaminase (2 [12.5%]). One patient (cohort 2) had two grade 3 olaratumab-related AEs (i.e., increased aspartate aminotransferase and tumor hemorrhage); both AEs occurred in cycle 1.
Two serious AEs, both occurring in cycle 1, were reported during the trial (malignant neoplasm and tumor hemorrhage). The tumor hemorrhage was considered by the investigator to be olaratumab-related. There were no patient deaths due to AEs on study or within 30 days of the last olaratumab dose. One patient (cohort 3) died due to PD, approximately 2 months after the patient's last olaratumab dose.
Efficacy. The best overall response was SD ( Table 3 ). The disease control rate (CR+PR+SD) was 66.7% in cohort 1, 42.9% in cohort 2, and 33.3% in cohort 3. The median duration of SD was 2.8 months in cohort 1 and cohort 2, and 4.9 months in cohort 3.
Of the seven patients with a best response of SD, two patients in cohort 3 experienced disease stabilization >4 months; these patients had hypopharyngeal cancer (4.2 months) and leiomyosarcoma of inferior vena cava origin (5.6 months). The others experienced disease stabilization that lasted approximately 2.8 months each. Figure 1 shows time on treatment for each patient.
Pharmacokinetics. Non-compartmental PK analysis was conducted for three patients from cohort 1, six patients from cohort 2, and six patients from cohort 3; one patient was excluded from PK analysis due to a dosing error (protocol deviation). The mean serum concentration versus time profiles following the first and multiple doses of olaratumab infusion are shown in Figure 2(a,b) respectively. The second peak, occurring at approximately 169 h for the 10 mg ⁄ kg (cohort 1) and 15 mg ⁄ kg (cohort 3) dose groups, is associated with the second infusion of olaratumab given on day 8 (168 h).
The PK parameters following the first infusion and multiple infusions of olaratumab at 10 mg ⁄ kg q3w (cohort 1), 15 mg ⁄ kg q3w (cohort 3), and 20 mg ⁄ kg q2w (cohort 2) are summarized in Table 4 . After a single infusion, PK parameters, including area under the serum concentration versus time curve from zero to infinity (AUC (0-∞) ), total body clearance of drug calculated after intravenous administration (CL), and terminal phase volume (V z ), were not calculated for the 10 mg ⁄ kg (cohort 1) and 15 mg ⁄ kg (cohort 3) dose groups; the terminal elimination t 1/2 was calculated following day 8 infusion because of the unique dosing schedules of these cohorts (patients received first infusion on day 1 and second infusion on day 8 q3w). The individual terminal elimination t 1/2 following the first and multiple doses ranged from 4.42 to 9.38 days and 4.06 to 8.83 days, respectively, across all dose groups and dosing schedules. Due to the relatively short PK sampling time (336 h) post end of infusion, the true terminal elimination phase may not have been completely captured and accurately estimated. Therefore, t 1/2 and its associated parameters, including AUC (0-∞) and CL, should be interpreted with caution. The olaratumab maximum observed serum drug concentration (C max ) following the first infusion appeared to increase with dose.
Individual serum concentration-time profiles exhibited a multi-phasic decline (data not shown). Following multiple infusions of olaratumab at 10 mg ⁄ kg q3w and 20 mg ⁄ kg q2w, the geometric mean trough concentrations (C last ) were close to or above the target trough concentration (155 lg ⁄ mL) associated with antitumor activity in preclinical xenograft studies. (14) However, olaratumab infusion at 15 mg ⁄ kg q3w generated geometric mean pre-dose serum concentrations above 155 lg ⁄ mL (target trough concentration) throughout the study (Table 4) .
Comparative analyses of clearance (steady state clearance; CLss) and exposure (area under the concentration versus time curve during one dosing interval; AUCs), following multiple infusions of olaratumab 20 mg ⁄ kg q2w, were conducted between this study of Asian patients and the US phase 1 study of non-Asian patients. (14) The results of this analysis are presented in Figure 3 . As shown in the figure, the PK parameters CLss and AUCs appear to be comparable between Asian and non-Asian patients. However, due to the small sample size, a statistical analysis was not conducted.
Circulating biomarkers. For PDGF-BB, all samples were below the limit of quantitation, so no further analysis was performed.
Prior to the initial olaratumab dose, the median PDGF-AA expression was 11.30 ng ⁄ mL for cohort 1, 11.00 ng ⁄ mL for cohort 2, and 17.35 ng ⁄ mL for cohort 3. Until 24 h following the first infusion, the median PDGF-AA expression increased to 42.15, 62.35, and 48.18 ng ⁄ mL for cohort 1, cohort 2, and cohort 3, respectively. However, no trend was identified for the biomarker level change over time for any cohort at later time points. When analyzed by patient, the best overall responses did not seem to be related to the largest change from baseline in PDGF-AA (data not shown).
Discussion
Inhibitors of the PDGF ⁄ PDGFR axis are being sought as anticancer agents. (11, 12) Most of these agents are small molecule TKIs that inhibit multiple kinases and have complex toxicities. (11, 12, 17, 18) Monoclonal antibodies specifically targeting PDGFR are expected to offer an advantage in terms of specificity and minimizing AEs. This is the first report of the use of olaratumab, a fully human IgG1 monoclonal antibody that selectively binds human PDGFRa, (13) in Japanese cancer patients. As an IgG1 antibody, olaratumab has the potential to induce antibodydependent cellular cytotoxicity; (19) however, this has not been experimentally tested. This report follows an earlier report of a phase I trial conducted in the United States. (14) In the current report, 16 Japanese patients with advanced solid tumors, who had not responded to standard therapy or for whom no standard therapy was available, were treated with olaratumab in an open-label, dose-escalation, phase 1 trial. This study met (15) †The single value is reported when n = 1; values are separated by semicolon when n = 2. ‡n = 2 for all parameters. One patient, whose samples were not collected for the initial 168 h, was excluded from PK analysis. §C max , C last , AUC 0-168 , and AUC 0-tlast are calculated following the first infusion (day 1) and t 1/2 is calculated following the second infusion (day 8) in day-1 and day-8 dosing in 21-day cycles (q3w). ¶n = 5. † †Median (range). ‡ ‡Geometric mean (range). § §n = 4. ¶ ¶n = 3. † † †Patient received first infusion on day 1 and second infusion on day 8 in 21-day cycles (q3w). ‡ ‡ ‡n = 1 for all parameters. § § §C max , t max, and AUC (0-168) are calculated following the first infusion (day 1) in day 1 and day 8 dosing in 21-day cycles (q3w). ¶ ¶ ¶Dosing interval (s) is 336 h. † † † †t 1/2 is calculated following the second infusion (day 8) in day 1 and day 8 dosing in 21-day cycles (q3w). ‡ ‡ ‡ ‡Intercycle accumulation of olaratumab calculated as AUC (0-504) (Cycle 2) ⁄ AUC (0-504) (Cycle 1) for 10 and 15 mg ⁄ kg (q3w) and AUC (0-336) (Cycle 2) ⁄ AUC (0-336) (Cycle 1) for 20 mg ⁄ kg (q2w). AUC (0-168) , area under the concentration versus time curve from zero to 168 h; AUC (0-336) , area under the concentration versus time curve from zero to 336 h; AUC (0-504) , area under the concentration versus time curve from zero to 504 h; AUC (0-∞) , area under the serum concentration versus time curve from zero to infinity; AUC (0-tlast) , area under the concentration versus time curve from zero to time t, where t is the last scheduled sampling time point with a measurable drug concentration; AUC s , area under the concentration versus time curve during one dosing interval; C last , last quantifiable serum drug concentration; C max , maximum observed serum drug concentration; CL, total body clearance of drug calculated after intravenous administration; CL ss , total body clearance of drug calculated after intravenous administration at steady state; CV, coefficient of variation; N, number of patients with assessable PK; NC, not calculated; PK, pharmacokinetic; q2w, every 2 weeks; q3w, every 3 weeks; R A , accumulation ratio; t 1/2 , terminal elimination half-life; t max , time of maximal concentration.
its objectives to establish the safety and PK profile of olaratumab.
In this trial, most AEs were mild to moderate in severity. The most frequently reported olaratumab-related AEs were proteinuria (25.0%) and increased aspartate aminotransferase (12.5%). These AEs were distributed across the three cohorts, and thus did not appear to be dose-related. There were only two grade 3 olaratumab-related non-laboratory AEs (elevated aspartate transaminase and tumor hemorrhage) during the trial, both occurring in cycle 1 and in the same patient. No infusion reactions or interruptions were reported and the majority of patients in the safety population received a relative dose intensity of at least 80%.
In this trial, no fluid retention, ascites, or edemas were reported. The PDGFR may be involved in the control of interstitial fluid pressure through PDGF-BB. (20) The use of small molecule multi-kinase TKIs that inhibit PDGFR is sometimes associated with fluid retention, (17, 18) and blockade of PDGFRb in cancer patients by a humanized, pegylated di-Fab was associated with ascites and fluid retention. (21) Fluid retention was not observed in our trial with selective PDGFRa blockade, even in patients with prolonged exposure (up to 25 weeks). This observation supports the hypothesis that PDGFRa is less likely to be involved in the fluid retention observed with nonspecific PDGFR blockade by small molecules or with a selective PDGFRb blockade.
In this trial, there were no DLTs and the MTD was not reached, which is consistent with the previous US trial. (14) Over the three dose ranges, olaratumab had an acceptable safety profile and was well tolerated in this patient population.
Based on the PK concentration profile of olaratumab, the trough concentrations following single and multiple doses of olaratumab at 15 mg ⁄ kg on days 1 and 8 every 3 weeks (cohort 3), and multiple doses at 20 mg ⁄ kg every 2 weeks (cohort 2), were above 155 lg ⁄ mL, the concentration that was efficacious in preclinical xenograft studies. (14) Thus, olaratumab dosed at 15 mg ⁄ kg on days 1 and 8 every 3 weeks and at 20 mg ⁄ kg every 2 weeks could represent an acceptable schedule for future trials in Japanese patients. Based on the comparative analysis of both the clearance (CLss) and exposure (AUCs), the observed PK in the Asian patient population appears to be similar to the non-Asian patient population observed in the previous US phase I trial. (14) The best overall response in this trial was SD, achieved by 7 of 16 patients (43.8%). Of these seven patients, four had tumors that were located in the gastrointestinal tract; the remaining three patients had tumors of diverse origins. Two patients, both in cohort 3, experienced disease stabilization >4 months (hypopharyngeal cancer [SD = 4.2 months]) and leiomyosarcoma of inferior vena cava origin [SD = 5.6 months]), which indicates some preliminary antitumor activity.
In nude mice, treatment with olaratumab inhibited the growth of human glioblastoma (U118) and leiomyosarcoma (SKLMS-1) xenografts and decreased the amount of tumorassociated phosphotyrosyl-PDGFRa in the glioblastoma model. (13) In cultured cells, olaratumab inhibited PDGFinduced mitogenesis, PDGFRa autophosphorylation, and the phosphorylation of downstream signaling molecules. At this time, it is not known if the same changes occur in patient tumors or whether pharmacologically active concentrations can be achieved in human tumor tissue. Our trial showed that the median plasma PDGF-AA expression increased for 24 h after the first infusion in all three cohorts, but no trend was noted at later time points and best overall responses seemed unrelated to the largest change in PDGF-AA from baseline. Because biomarker studies were not performed in the US trial, comparisons cannot be made with this trial; nonetheless, an increase in PDGF-AA may be a compensatory mechanism that results from PDGFRa inhibition and ⁄ or sequestration.
Based on its safety and preliminary efficacy in this trial and the previous phase 1 trial, (14) olaratumab has advanced to phase II trials. Olaratumab is being tested as monotherapy and in combination with other agents in several tumor types. Fig. 3 . Comparison of PK parameters clearance and exposure between non-Asian and Asian patients following multiple infusions of olaratumab. Shown are CLss (circles) and AUC s (triangles) for the 20 mg ⁄ kg-every-2-weeks groups. White circles (○) = CLss, non-Asian patients; black circles (•) = CLss, Asian patients; white triangles (M) = AUC s , non-Asian patients; black triangles (▲) = AUC s Asian patients. AUC s , area under the concentration versus time curve during one dosing interval; CLss, total body clearance of drug calculated after intravenous administration at steady state.
